The immune system is composed of two arms, the innate and the adaptive immunity. While the innate response constitutes the first line of defense and is not specific for a particular pathogen, the adaptive response is highly specific and allows for long-term memory of the pathogen encounter. T lymphocytes (or T cells) are central players in the adaptive immune response. Various aspects of T cell functions vary according to the time of day. Circadian clocks located in most tissues and cell types generate 24-hour rhythms of various physiological processes. These clocks are based on a set of clock genes, and this timing mechanism controls rhythmically the expression of numerous other genes. Clock genes are expressed in cells of the immune system, including T cells. In this review, we provide an overview of the circadian control of the adaptive immune response, with emphasis on T cells, including their development, trafficking, response to antigen, and effector functions.
Introduction

The circadian system
Many aspects of physiology in various organisms (eg, humans, rodents, insects, plants, and bacteria) follow a biological rhythm with a period of approximately 24 hours. These rhythms are called circadian rhythms and are of endogenous origin, as they persist in the absence of external timing cues.
Circadian rhythms are generated by molecular clocks, which are present in almost all tissues and cells in mammals. 1 These clocks are composed of a set of clock genes (eg, Clock, Bmal1, Period, Cryptochrome, Rev-Erb, Ror genes) organized in transcriptional-translational feedback loops. 2 The transcription factor complex CLOCK/ BMAL1 regulates positively the transcription of Per and Cry genes. After synthesis of the PER and CRY proteins, they form complexes that enter the nucleus to inhibit their own expression by suppressing the activity of CLOCK/BMAL1. In a second feedback loop, CLOCK/BMAL1 activates the Rev-Erb and Ror genes. ROR factors positively control the transcription of Bmal1, whereas REV-ERB factors inhibit it by binding to the same DNA element but at different times of the day (Figure 1 ). These molecular feedback loops are also regulated by extensive post-transcriptional regulation (eg, at the level of messenger RNA splicing, stability, and translation, and protein modification, stability, and trafficking).
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This feedback loop mechanism leads to rhythmic expression of many of the clock genes. Moreover, these clock factors, whose transcriptional activity is higher at certain times of the day, regulate the expression of various genes in a timedependent manner. These clock-controlled genes can account for 5%-20% of any tissue's transcriptome. 3 Transcriptomic studies on immune cells have shown that this is the case of genes in the immune system, as described later.
The adaptive immune response
Early protection against pathogens is mediated by the innate immune system, which therefore constitutes the first line of defense. It consists of physical barriers (eg, skin and mucosae) and cells that respond to broad groups of pathogens with processes that aim at killing these invaders. The adaptive immunity occurs generally when there is a lack of control of the pathogen growth by the innate immunity ( Figure 2 ). In contrast to the innate immune response, the adaptive immune response is based on the specific recognition of antigens from pathogens.
T and B lymphocytes (or T and B cells) and antigenpresenting cells (APCs) (eg, dendritic cells) are the main actors of the antigen-specific immune response. These cells develop from a common progenitor located in bone marrow, and then migrate to various tissues to finish their development (in the case of T lymphocytes) and/or to control the immune response. T cell development occurs in the thymus (a primary lymphoid organ). Mature T cells exit the thymus through blood and recirculate within secondary lymphoid organs (eg, spleen and lymph nodes) until they recognize, via their T cell receptor (TCR), a complex consisting of a major histocompatibility complex (MHC) molecule and an antigen peptide displayed at the surface of an APC. Two populations of T cells exist, which express either the CD4 or the CD8 membrane protein. The TCRs of CD4 + T cells interact with an MHC-II/peptide complex, whereas the CD8 + T cell TCRs interact with an MHC-I/peptide complex. The specific interaction between the TCR and the MHC/peptide complex, the interaction between costimulatory molecules also expressed by these cells, and the cytokines secreted by them or present in the environment, altogether lead to the activation of T cells and to their massive expansion over the course of several days. The T cells then differentiate to become effector cells. Depending on the type of pathogen, A fraction of activated T cells become memory cells after an interaction with a MHC/peptide complex displayed by an APC. These memory cells will intervene quickly during a subsequent infection with the same pathogen.
This review article focuses on the circadian control of the adaptive immune response, in particular, T cell function. For a description of circadian rhythms in the innate response, the reader is referred to recent reviews. 8, 9 As we will report subsequently, T cells show daily rhythms in their tissue and blood counts, their response to antigen presentation, and their differentiation and acquisition of effector functions.
Clock gene expression in T cells and lymphoid organs
Most tissues and cell types in mammals express clock genes. This includes secondary lymphoid organs such as the spleen and lymph nodes. 10 11 Lymph nodes are one of the main sites where the adaptive immune response is initiated. This organ is enriched in T-and B cells, which also express clock genes. [12] [13] [14] Rhythmic clock gene expression was observed in splenic and thymic CD4 + T cells using tissues from PER2::Luciferase (PER2::Luc) reporter mice, which allows the analysis in real time of circadian dynamics in live tissues or cells. 12, 15 Rhythmic expression of Bmal1 and Rev-Erbα was blunted in CD4 + T cells from T cell-specific Bmal1 knockout (KO) mice compared to wild type (WT) mice, although it should be pointed out that even in WT mice the amplitude of the messenger RNA was lower than 
68
Nobis et al in the liver. 16 Human CD4 + T cells isolated from whole blood also express the clock gene rhythmically (eg, PER2, PER3, REV-ERBα, and RORα). 12 Thereby, similar to other immune cells, CD4
+ T cells express circadian clock components. 8, 12 Whether CD8+ T cells also have a circadian clock remains to be elucidated. The presence of clock mechanisms in lymphoid organs and in T cells raises the question of what their impact is on the adaptive immune response. This has been addressed by a number of recent reports, which we describe subsequently.
T cell development Clock gene expression in the thymus
Lymphoid progenitors present in the bone marrow migrate to the thymus, where they continue their development and become mature T cells. In the thymus, thymocytes (T cell precursors) then need interactions with stromal thymic epithelial cells to shape their TCR and, therefore, increase the capacity of T cells not only to recognize a large range of pathogens, but also to eliminate autoreactive T cells (ie, T cells that must be eliminated because they could recognize self-antigens). 17, 18 These stages are named the positive and the negative selection. During the positive selection, the interaction between the TCR and the MHC molecule on stromal epithelial cells is essential for the survival of T cells. Then the thymocytes migrate to the thymic medulla to go through the negative selection. During this stage, a strong interaction between the TCR and the MHC-self-antigen complex on stromal thymic epithelial cells leads to the elimination of T cells. The other T cells become mature and leave the thymus. Studies on the mouse thymus showed expression of clock genes that is not rhythmic. [19] [20] [21] This expression in the thymus is not affected in Clock D19/D19 mice, suggesting that this organ does not bear a clock. However, in one report, a robust rhythm of luciferase activity was observed for more than 4 days in a cultured thymic slice from a PER2::Luc mouse. The rhythm observed in these experiments could be due to the stromal thymic epithelial cells rather than the mature T cells or thymocytes in the thymus. However, using the same mouse model, mouse mature splenic and thymic CD4
+ T cells presented a bioluminescence rhythm (ie, luciferase reporter rhythm), leading to conclude that mature CD4 + T cells have a clock. 12 Cell division in the bone marrow and the thymus follows a circadian rhythm
After some of the steps of T cell development, the thymocytes proliferate. The calcium homeostatic system plays an important role in this proliferation and cell division. 22 Thereby, in the plasma of male rats, the total and ionized calcium concentrations (the latter being the biologically active form) follow a daily rhythm, with a minimal concentration before the activity phase (dark phase). 23 This is positively correlated with the bone marrow and thymus mitotic index. These results suggested that the daily change of calcium concentration in plasma could be involved in the rhythmicity of the cell division in the bone marrow and the thymus of rats. The results were confirmed by the removal of the parathyroid glands, which are involved in regulating the calcium concentration. Indeed, the rhythm of bone marrow and thymus mitotic index was abolished after this ablation. 23 To undergo cell division, cells need to synthetize DNA. One way to monitor DNA synthesis is by measuring the uptake of 3 H thymidine. In the mouse thymus, 3 H thymidine uptake is rhythmic: the minimum of the uptake occurs during the beginning of the activity period, which is in agreement with the rhythm of plasma calcium concentration and bone marrow and thymus mitotic index observed in rats (see previous paragraph).
23,24
T cell recirculation and numbers Circadian variation of T cell numbers in the blood
After their maturation in the thymus, naive mature T cells recirculate between the secondary lymphoid organs through the peripheral blood and lymph. Several studies conducted in human subjects showed that CD4 + and CD8 + T cells peak during the night in peripheral blood. 6, [25] [26] [27] [28] In rodents, the T cell counts in the blood vary over 24 hours and persist when the rats are in a constant condition (eg, constant darkness or constant light), which leads to the conclusion that it is a circadian (endogenous) rhythm. 29 In humans, the daily rhythms of T cell subsets change across life and in the context of disease. For example, the number of gd T cells in the blood was still rhythmic, but delayed by several hours in patients with lung cancer. 30 The amplitude was also decreased. Similar amplitude changes for this T cell subset were observed in elder subjects compared to young subjects. 30 The amplitude of the rhythm of CD8+ T cell numbers in the blood was also reduced in elder subjects and in patients with lung cancer. 30, 31 Cortisol controls the daily variation of T cell numbers in the blood Several human and rodent studies have highlighted a negative correlation between T cell numbers in peripheral blood 
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Circadian control of T-cell responses and plasma cortisol (Figure 3) . 6, [26] [27] [28] 32, 33 Indeed, blood T cell counts peak at night and start decreasing in the early morning simultaneously with increase of plasma cortisol. To test the direct effect of cortisol on T cell counts, prednisolone (a synthetic corticosteroid) or cortisol was administered to human subjects, which led, in both cases, to the decrease of T cell numbers in the blood. 28, 34 In contrast, infusion of epinephrine, which is also negatively correlated with the total T cell blood counts, increased the number of effector CD8 + T cells, which constitute the only T cell subset that peaks in the day. 28 These results were supported by rodent studies. 35, 36 In mice that do not synthesize corticosterone (following surgical ablation of the adrenal glands), the circadian variation of T cell numbers, which normally has a peak at the beginning of the light phase in the blood and spleen, was abolished.
A possible mechanism for the action of glucocorticoids on T cell blood counts came from a study showing that hydrocortisone treatment in mice induced a sequestration of peripheral T cells in the bone marrow. 35 More recent human studies suggested a regulation by chemokine receptor expression in T cells. CXCR4 is a chemokine receptor involved in the migration of T cells and B cells in bone marrow in response to the chemokine CXCL12. CXCR4 expression in T cells was shown to be higher in the morning than in the evening. 28 Moreover, cortisol treatment increased its expression on the surface of T cells. 28 Furthermore, oral intake by human subjects of metyrapone, an inhibitor of cortisol synthesis, resulted in the suppression of the morning decline of T cells in the blood and in parallel, it abolished the morning increase of CXCR4. 37 These studies suggest a circadian control of the number of T cells in peripheral blood by plasmatic cortisol, which plays a role in the homing of T cells in different tissues according to the time of the day.
The rhythm of T cell numbers in peripheral blood could also be explained by the intervention of the autonomic nervous system. 38 Indeed, in humans, a subset of T lymphocytes presents a peak in the daytime and another subset in the nighttime: cells peaking in the daytime express higher levels of adrenergic receptors, whereas those peaking at night display more cholinergic receptors. 38 However, more work would be needed to establish a causative link. Pioneer studies reported in 1976 suggested a circadian control of the antigen-specific immune response. 39 ,41 Two things were tested: the in vitro reactivity in human mixed lymphocytes culture (a test with a mix of lymphocytes from two different donors, in which the different histocompatibility antigens at the cell surface will lead to the activation and proliferation of lymphocytes) and the blastogenesis in vitro in response to an antigen, streptokinase-streptodornase. In both cases, a variation was observed over 24 hours, but with different phases. 41 Indeed, the mixed lymphocytes culture reactivity was higher in the late morning/early afternoon, whereas the antigen-specific immune response (streptokinase-streptodornase response) peaked during the night. 41 Immunization of mice with sheep red blood cells every 6 hours over 24 hours led to more plaque-forming cells (which measure the quantity of a specific antibody against a specific antigen) when the immunizations occurred late night/early morning. 39 These results are correlated with the ex vivo proliferation of splenocytes restimulated with PHA or Concanavalin A, where the proliferation response was higher when the mice had less plaque-forming cells. 39 However, because this experimental procedure is based on a humoral immune response (antigen-specific response mediated by the production of antibodies by B cells), it remains to be elucidated whether T cells participate or not in this rhythmic response. Indeed, T cells are involved in helping B cells in antibody production.
Recent work using a model of mouse vaccination with APCs loaded with an antigenic peptide showed a day/ night variation of the antigen-specific immune response. 11 Indeed, when the dendritic cells loaded with the OVA peptide (DC-OVA) were injected during the middle of the day, the expansion of CD8 + T cells specific for the antigen was higher than when DC-OVA were injected during the middle of the night. 11 Altogether, these different studies suggest a circadian control of the antigen-specific immune response in humans and rodents.
T cell proliferation follows a circadian rhythm
The influence of circadian rhythms on T cell proliferation was studied in humans and rodents (Figure 3 ). In humans, plasmatic cortisol levels are correlated with the proliferation of T cells in response to the tetanus toxoid (TT). 42 Indeed, T cell proliferation was more efficient during early morning when the cortisol levels were low. 42 Another report in humans highlighted a circadian rhythm of CD4 + T cell reactivity to adenovirus and Staphylococcus aureus enterotoxin B (SEB) by measuring the percentage of cells secreting cytokines, such as IFN-g or interleukin 2 (IL-2). 26 As for TT reactivity, the reactivity to adenovirus and SEB by CD4 + T cells occurred during early morning. 26 In rats, the 24-hour mitogenic variations were analyzed after subcutaneous injection of Freud's adjuvant or vehicle. 43, 44 Lymph node cells were restimulated with Concanavalin A, which activates the T cells by interacting directly with their TCR. T cell proliferation was higher during the light phase (the rest phase in rodents) in both young and old rats. Interestingly, the amplitude of the rhythm of CD8 + T cell counts in submaxillary lymph nodes was decreased in old rats compared to young rats, whereas the CD4 + T cell rhythm was not altered. The rhythm of the proliferative response to Concanavalin A stimulation was dampened in old rats compared to young rats. These results suggest that there is a circadian control of the T cell response to a nonspecific stimulation dependent on various parameters, such as the age of the rodent.
In mice, T cell proliferation after anti-CD3 stimulation also follows a circadian rhythm. 11 The highest level of proliferation was observed using cells taken from mice late in the day or at night. 11 This is dependent on a circadian clock since the rhythm is abolished in Clock D19/D19 mutant mice.
T cell cytokine secretion follows a circadian rhythm
Activation of T cells by APCs leads them to secrete cytokines such as IL-2, involved in lymphocyte differentiation, immune responses, and homeostasis, and IFN-g, involved in the recruitment of innate immune cells and in the activation and differentiation of T cells. This secretion of cytokines by T cells is regulated in a circadian manner. In human whole blood samples stimulated in vitro with TT or the purified protein derivative (a mixture of antigens of bacterial origin), IFN-g secretion by T cells was higher in the early morning. 45 Another study showed that after stimulation with adenovirus 
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Circadian control of T-cell responses antigen SEB, the percentage of IFN-g-positive cells peaked during early night, whereas the IL-2-positive cells peaked during the middle of the night. 26 Also, the number of CD4 + IFN-g + T cells and the number of CD4 + IL-2 + T cells and CD4
+ IL-4 + T cells were rhythmic after an ex vivo short stimulation with PMA/ionomycin. 12 Notably, IFN-g protein expression levels were also rhythmic, which was not the case for IL-2 and IL-4 expression. 12 Microarray analysis on CD4 + T cells stimulated with PMA/ionomycin at three different time points corresponding to the first maximum, the minimum, and then the second maximum of IFN-g production showed a time-dependent expression of genes involved in the NF-kB pathway, known to be important for cytokine secretion. 12 The rhythmicity of T cell responses might have implications for shift workers. This was suggested by a recent study conducted in subjects under a simulated night shift schedule. 46 Indeed, the PHA-induced secretion of IFN-g and IL-2 by T cells was advanced by 5-6 hours, compared to their secretion in the same subjects under a prior day-oriented schedule. 46 This was not due to a change in the rhythm of T cell numbers, which was not shifted under night shift. 46 The rhythm of plasma melatonin was not shifted in simulated night shift subjects. Since melatonin is a marker of the central circadian clock in the suprachiasmatic nucleus in the hypothalamus, these data suggest that the central clock controls the rhythm of T cell numbers in blood, but not the cytokine secretion by T cells. 46 Therefore, the mechanisms involved in the rhythmicity of blood T cell counts and cytokine secretion by T cells seem to be distinct. Because of this, night shift appears to induce desynchronization of different T cell rhythms.
To our knowledge, only two in vivo reports in mice showed that cytokine secretion is regulated in a circadian manner. 11, 16 In response to vaccination with DC-OVA, the percentage of IFN-g +
CD8
+ T cells 7 days postimmunization (the time of peak of the immune response in the context of DC-OVA vaccination) was higher when the vaccination occurred during the middle of the day than during the middle of the night (Figure 3) . 11 Interestingly, the percentage of IFNg +
+ T cells after Listeria monocytogenes infection in mice presented no day/night difference. 16 In these experiments, the time points of infection and vaccination were different (beginning of the day and of the night for the bacterial infection vs middle of the day and the night for the DC-OVA vaccination), and therefore, it remains possible that the day/ night difference was not observed with the time points used for the infection experiment. 11, 16 However, the percentage of IL-2 + CD8 + T cells was higher after the infection with L. monocytogenes in the beginning of the day than in the beginning of the night. 16 Importantly, this was the case both in WT mice and in mice with a Bmal1 gene deletion, specifically in T cells (ie, T cell-specific Bmal1 KO), suggesting that the T cell clock is not involved in the day/night difference of the percentage of IL-2 +
+ T cells observed after an infection.
Circadian control of T cell subsets
The Th1/Th2 balance is regulated in a circadian manner
Th1 and Th2 cells are effector CD4 + T cells involved in different aspects of the adaptive immune responses. Indeed, Th1 cells are responsible for the elimination of intracellular pathogens, whereas Th2 cells are involved in the allergic reactions and in the clearance of extracellular pathogens and parasites.
Several groups have analyzed the circadian pattern of allergic immune responses and showed that most occur during night and in the early morning in humans, and are increased during the day in rodents. 47, 48 Therefore, it was not a surprise to observe that the Th1/Th2 cytokine balance is shifted toward Th2 cytokines during early sleep and the reverse occurs during late night in humans, and the effects are opposite in rodents. 48, 49 Indeed, in human peripheral blood mononuclear cells stimulated with PMA/ionomycin, the ratio between Th1 and Th2 representative cytokines (IFN-g and IL-4, respectively) was increased during sleep. 49 In the context of food allergy, mice orally administered with OVA antigen during the light (ie, rest) period presented a higher secretion of type 2 cytokines, such as IL-13 and IL-5, in mesenteric lymph nodes than the mice of a night period-treated group. 50 As mentioned before, glucocorticoids seem to be involved in the control of cytokine secretion. In the human studies described earlier, the Th1/Th2 ratio is lower in the early night/sleep phase and shifts toward Th1 cells by the end of the night, when the plasma cortisol is high. This suggests that glucocorticoids may favor Th1 responses. Accordingly, in another report where human blood samples were stimulated with PMA/ionomycin, cortisol treatment increased the IFN-g/ IL-4 ratio in CD4 + T cells. 51 In contrast though, in one mouse study, after in vivo immunization with OVA antigen, the IL-2/ IL-4 cytokine balance was shifted toward IL-4 secretion in mice exposed to a constant low dose of dexamethasone, compared to nonexposed mice. 
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The clock machinery is important in Th17 cell development and function Th17 cells are important for the elimination of bacteria and fungal infections at mucosal surfaces. These cells are also involved in the development of autoimmune diseases, such as multiple sclerosis. A recent report highlighted the importance of the clock machinery in the Th17 cell development. 53 In Nfil3 KO mice, Th17 cell numbers were increased in the small intestine and colon. 53 The clock protein REV-ERBα was shown to negatively control Nfil3 expression. In the absence of REV-ERBα, Nfil3 expression was derepressed, and therefore, Th17 cell development was increased. 53 In the context of multiple sclerosis, a group showed control of the Th17/Treg development by the circadian hormone melatonin in mice. 54 Melatonin acts on its receptor MT1 in Th17 and Treg cells, inducing the secretion of IL-10 by Treg cells and inhibiting Th17 cell development and IL-17 cytokine secretion, leading to a less severe pathology. 54 Together, these two studies have highlighted the importance of the circadian clock in the development of Th17 and Treg cells.
Treg numbers and function follow a circadian rhythm
Treg cells negatively control the development of autoimmune diseases by suppressing the functions of autoreactive T cells (T cells responding to self-antigens). Similar to T helper cell subsets, Treg cells are regulated in a daily manner. A human report showed that the number of Treg cells in the blood was rhythmic and independent of sleep. 55 However, the suppressive action of Treg cells on T cell function (eg, T cell proliferation and IL-2 secretion) was less efficient when the Treg cells came from donors with sleep deprivation. 55 A second study measured the suppressive effect of Treg cells on Th1, Th2, and Th17 cells over 24 hours by analyzing cytokine secretion by these T cell subsets. 56 Only cytokines produced by Th1 cells (IL-2, IFN-g, and tumor necrosis factor alpha) had their secretion supressed differentially according to the time of day, with a maximal effect observed during early night. 56 On the other hand, the suppressive effect of Tregs on the Th2 and Th17 cytokines did not vary according to time of day. These results are in agreement with the previous study showing the shift from Th2 to Th1 cytokine secretion during sleep, and suggest a possible mechanism for this shift. 49 
Conclusion
The link between the circadian system and the adaptive immune response is clearly established in humans as well as in rodents. Circadian regulation allows the organism to adapt to environmental variations in order to anticipate potential dangers, such as infections. Thereby, this circadian control was observed at various levels of the adaptive immune response, from T cell development in the thymus to the number of cells in blood and T cell activation by synthetic molecules or antigens. In many cases, the exact cellular and molecular mechanisms underlying the circadian control of T cell functions remain unclear. In particular, the nature and extent of the role of the T cell-intrinsic clock for different aspects of T cell functions will need to be investigated. Moreover, future research will allow defining the implications of these rhythms of T cell biology for the fight against pathogens and cancer cells, for the development of autoimmune diseases, and for the improvement of vaccination.
